Synchronous cultures of yeast and hyphal phases of Candida albicans showed exponential increases in RNA content and stepwise exponential increases in DNA content. The periods of DNA synthesis in the two phases coincided with one another and with the budding peaks of the yeast phase. Hyphae grown in synchronous cultures also showed an exponential increase in length. The hyphal phase was therefore normal.
INTRODUCTION
Synchronous cultures have been used to investigate parameters of the cell cycle on the assumption that the cultures axe normal, i.e. that the cells are identical to those in a random asynchronous culture growing exponentially in a constant environment (Mitchison, I 
971).
Synchronous cultures have also been used to provide reproducible inocula for growth studies with Candida albicans (Davies & Denning, 1972) and for drug assays (Davies & Davies & Denning (1972) reported a linear (arithmetic) increase in hyphal length per unit time for synchronous cultures of hyphae of C. albicans and similar results have been obtained for asynchronous hyphal cultures (Wain, Price & Cawson, 1975) . Davies & Savage (1974) found that the numbers of nuclei in hyphae grown in synchronous cultures also increased arithmetically in contrast to the geometric increase in the numbers of cells (stepwise exponential increase) and presumably also in the numbers of nuclei in synchronous cultures of the yeast phase. This difference suggested that the hyphae in synchronous culture in the presence of serum were not normal according to the criteria of Mitchison (1971) Samples ( 2 5 ml) were siphoned from the gradient through a float which descended the gradient with the falling meniscus. A cell count wa,s made in a haemocytometer on a dilution of each sample. A sample that contained young cells with no visible buds was suspended in prewarmed (37 "C) 5 % glucose YNB medium to give I x I O~ to 3 x 1o6 cells ml-? To obtain 200 ml synchronous culture at 2 x 108 cells ml-l it was sometimes necessary to use equivalent samples from two gradients, i.e. samples from the same level on the gradients showing the same size distribution of non-budding blastospores. Cultures were incubated with shaking in a water bath for up to 6 h. Samples were removed at 10 min intervals for counting in a haemocytometer, using the counting notation of Williamson & Scopes (1962). For RNA and DNA estimations, samples (10 ml) were removed at 5 or 10 min intervals to 10 ml glass centrifuge tubes, which were capped, frozen by immersion in an ethanol bath in a deep freeze at -20 "C and stored at -20 "C.
Synchronous hyphal cultures. These were prepared in an identical manner to the synchronous yeast cultures except that the young blastospores from the sucrose gradient were resuspended in prewarmed (37 "C), prefiltered (0.45 ,um pore size; Millipore) human serum.
The suspension of young blastospores in serum was thoroughly mixed and portions (2 x 5 ml) were distributed randomly into each of nineteen 25 ml conical flasks. Cultures were incubated for up to 6 h with shaking in a water bath. This procedure was necessary to avoid sampling problems after the long hyphae started to clump. A control culture of synchronous blastospores in 5 % glucose YNB medium was set up with each synchronous hyphal culture.
This was sampled at 10 min intervals to find the time when the budding peaks occurred and the degree of synchrony. Peak times were taken as the mid-peak width at half peak height.
For RNA and DNA estimations, samples (10 ml) were removed at 5 or 10 min intervals to 10 ml glass centrifuge tubes. Because the serum proteins interfered with RNA estimations, the hyphal samples were washed twice in I % (wlv) NaCl at o "C, and centrifuged between washes at 36008 (Mistral 6L, MSE):at o "C for 7 min. After removing the second supernatant the centrifuge tube was capped and the hyphal pellet was frozen in an ethanol bath in a deep freeze at -20 "C and stored at -20 "C.
For measurements of germination frequency and hyphal length, samples were taken at 10 min intervals and photographed in a haemocytometer. For nuclear counts, samples (50~1) were taken at 10 min intervals, added to 2 ml I % NaCl at o "C and centrifuged at 1000 g for 7 min. The supernatant was discarded and the pellet was washed with I % NaCl at o "C to remove excess serum proteins. After centrifuging for a further 7 min, the final DNA and RNA in yeast and hyphal C. albicans 213 pellet was fixed in absolute methanol, which was found to be superior to both Carnoy's fixative and etherlethanol mixtures.
RNA and DNA estimations. Frozen samples were thawed at o "C and the blastospores were centrifuged at 3600 g at o "C for 15 min. The supernatant was removed and the pellets were resuspended in 6 ml 0.5 M-perchlork acid (PCA) for 30 min at o "C. Pellets were extractediwith 0.5 M-PCA at 70 "C following the procedure of Wain & Staatz (I 979, and RNA and DNA were assayed using 0.26 ml of the extracts. RNA was estimated from extinction measurements on dilutions of 40pl portions of the extracts assuming E,O:~&,,,, = 25 (Wain & Staatz, 1973) . The diphenylamine reagent ( 2 0 0~1 ; Bostock, 1970) was added to portions (200 pl) of the 0.5 M-PCA extracts, and the amount of DNA was estimated from the difference in extinction at 595 nm and 720 nm using deoxyadenosine in 0.5 M-PCA as a standard. RNA and DNA contents are expressed as g nucleic acid per ml culture.
Hyphal length measurements. Direct microscopy (Davies & Denning, 1972) and branching hyphae. Thus we estimated hyphal lengths from photographic enlargements of hyphae in a haemocytometer by moulding cored solder wire (I -2 I 9 mm diam. ; I 8 swg) to the shape of each hypha including the branches, weighing the wire, and calibrating weights to the internal standard length of the haemocytometer graticule. Ten replicate measurements of a single hypha after 4 h growth gave a mean length of 72*gpm and a standard deviation of 2.6 pm. Nuclear staining. Hyphal pellets in methanol were air-dried on glass slides and Giemsastained after I M-HCl hydrolysis (Mitchison, 1970) . Nuclear counts were made on IOO hyphae per slide and the mean count per hypha was calculated. It was not possible to stain nuclei in blastospores and it is assumed that there is only one nucleus per blastospore.
RESULTS
Results for a typical synchronous culture of yeast phase C. albicans are shown in Fig. I . The continuous exponential increase in RNA contrasts sharply with the stepwise exponential increase in DNA and in the number of cells. The midpoint of the rise in DNA was approximately coincident with both the budding peak and the midpoint of the rise in the number of cells. The mean value of seven estimates, from five different experiments, of the time of DNA synthesis was 0.g4f0.03 of the cell cycle, i.e. immediately before cell division. The control synchronous yeast cultures incubated with each synchronous hyphal culture were used to provide the cell-cycle timings for the inocula of the hyphal cultures. The mean value of five estimates, from four different experiments, of the time of hyphal DNA synthesis was 1.03 & 0.07 of the cell cycle, i.e. immediately after yeast cell division. Individual values for periods of DNA synthesis in synchronous yeast (S,) and hyphal (S,) cultures and hyphal phase nuclear division times (ND) are shown in Fig. 2 , superimposed on linear cell-cycle maps derived from yeast division times (Mitchison, 1971 ; Poole, Lloyd & Kemp, 1973) .
In Fig. 3 , the results of four experiments on synchronous cultures of hyphae are combined by standardizing the sampling times to the budding peaks in the control yeast cultures (D1, D, and D,). Estimates of DNA and RNA contents have been adjusted to an arbitrary standard from the third plateau of DNA between D, and D,. This value is taken as 8 x 10-2 pg ml-l for DNA and 16 pg ml-l for RNA. Germination to form hyphae was complete before the first period of DNA synthesis (Fig. 3) , in contrast to the coincidence of yeast budding with DNA synthesis (Fig. I) . The coincidence of D,, D2 and D3 with the midpoint of the DNA increase in hyphal cultures shows that DNA synthesis in hyphae is coincident . . with budding peaks and also with DNA synthesis in yeast cultures. The continuous increase in hyphal length paralleled the increase in RNA.
The change in mean nuclear counts (Fig. 3) did not suggest that there was a stepwise exponential (geometric) increase in the number of nuclei per hypha, i.e. from I to 2 to 4 to 8, following the three periods of DNA synthesis. Equally the stepwise increase did not appear to be arithmetic, i.e. from I to 2 to 3 to 4. The experimental values of I (assumed for the first blastospore) to 2 to 3.7 to 5-6 might be underestimates of the number of nuclei present: it is unlikely that they are overestimates as the method of counting takes no account of apparently anucleate hyphae, i .e. unstained hyphae. We have therefore interpreted the results as supporting the concept of an exponential increase in the number of hyphal nuclei, similar to the increase in hyphal DNA, yeast phase DNA and numbers of yeast cells.
An asynchronous hyphal culture (Fig. 4) showed parallel, continuous and exponential increases in both RNA and DNA with a mean doubling time of 61 min. No measurements were made on cultures incubated for less tban 200 min because the information was required for up to 7 h incubation and we only had a limited number of samples. A synchronous yeast culture from the same i n d m was prepared in parallel with each synchronous hyphal culture. This yeast culture was used to provide the times of cell division, D1, DI and Dg. The mean time from the start of the experiment is also shown, e.g. Dl (124 min). The times at which the samples were taken from each hyphal culture were expressed as fractions of the yeast cell division cycle in the parallel culture. The values for DNA and RNA in each culture were calculated in arbitrary Units related to the mean value of DNA on the plateau between Dt and D8 for that culture. This was given a value of 8 x I O -~ pg ml-l for DNA and the equivdent RNA sample was assigned a value of 16 pg d-l. The DNA and RNA were extracted from 10 ml samples which contained 2 x 10' to 3 x 10' cells at the start of the experiment.
The combined results of four experiments are presented. M, RNA; A, DNA; e, hyphal length ; 0 , germination; A, number of nuclei/hypha.
DISCUSSION
The results in Figs I and 3 show that RNA and DNA increased exponentially in synchronous cultures of both the yeast and hyphal phases of C. albicans. Figures 2 and 3 show that the hyphal DNA was synthesized at the same time as yeast DNA in parallel synchronous yeast cultures. This coincidence of the periods of yeast and hyphal DNA synthesis is an expression of identical growth rates. Identical growth rates may also be seen by comparing the doubling time (61 min) for DNA and RNA in synchronous hyphal cultures (Fig. 4) with the mean doubling time (63 k 3 min) of yeast cultures growing exponentially (wain et al., 1975) . The identical growth rates and the exponential increase in hyphal DNA both indicate that the hyphal phase of C. albicans was normal, according to the criteria of Mitchison (1971) .
It was not easy to estimate the number of nuclei in hyphal preparations. If the values in Fig. 3 are assumed to be underestimates, then the numbers of nuclei per hypha increased in a geometric progression giving an approximately exponential increase although the data do not allow a definite conclusion to be drawn. An exponential increase in mean nuclear number per hypha has been recorded in Aspergillus nidulans spore germination after the initial synchronous division (Bainbridge, I 97 I). Simple measurements of hyphal length have suggested that C. albicans hyphae increase in length in an arithmetic manner (Davies & Denning, 1972; Wain et al., 1975) whereas the present, more precise, method of measuring the increase in hyphal length indicated an exponential increase (Fig. 3) . This exponential increase with time paralleled the increase in hyphal RNA and is compatible with the exponential increases in hyphal length found in other fungi (Trinci, 1974) .
Thus the four parameters of growth (Fig. 3) all show an exponential increase indicating that the hyphal phase of C. albicans is a normal one.
Hyphal germination occurred before the first period of DNA synthesis (Fig. 3) whereas the budding peak coincided with yeast and hyphal DNA synthesis. This implies that the expression of hyphal morphology does not require the influence of any mediating factors in serum on DNA synthesis Be nova. The synchronous inocula were selected from a population of budding C. albicuns and the first hyphal outgrowths appeared before the first buds were seen in the control synchronous yeast culture. This development of hyphae before any DNA synthesis and before the equivalent bud formation supports the hypothesis of Evans, Odds & Holland (1975) that dimorphism is part of a predetermined fungal life-cycle.
In addition to its role as an inducer of hyphal morphology, serum has also been described as a growth inhibitor (Hendry, 1972) . However, the identical exponential growth rates of the yeast and hyphal phases of C. albicans show that serum has no inhibitory effect on the growth rate of the hyphal form. There is a limit to the total amount of fungal material synthesized during growth in serum (Hendry, 1972) but this is an expression of the ability of serum to maintain growth rather than an inhibition of growth. Serum supports a lower stationary phase or yield but the exponential growth rate in serum is the same as that of the yeast phase in other media. There was therefore no evidence to support the concept that factors in serum inhibit the growth rate of C. albicans in the hyphal form.
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